-Increased prostaglandin production is implicated in the pathogenesis of glomerular disease. With this consideration, we examined the combined effects of reactive oxygen species and platelet-derived growth factor (PDGF), which might initiate glomerular dysfunction, on arachidonic acid release and cytosolic phospholipase A2 (cPLA2) activation in rat mesangial cells. H2O2-induced release of arachidonic acid was enhanced by PDGF, which by itself had little effect on the release, and the enhancement was completely inhibited by a cPLA2 inhibitor. The phosphorylation of cPLA2, extracellular signal-regulated kinase (ERK), and p38 mitogen-activated protein (MAP) kinase was upregulated by H2O2 or PDGF alone and except for ERK was enhanced further by the two in combination. The release of arachidonic acid induced by PDGF together with H2O2 was inhibited partially by an inhibitor of ERK or p38 MAP kinase and completely when the two inhibitors were combined; the inhibitory pattern was similar to that for the phosphorylation of cPLA2. These results suggest that the ERK and p38 MAP kinase pathways are involved in the increase in cPLA2 activation and arachidonic acid release induced by PDGF together with H2O2. hydrogen peroxide; p38 mitogen-activated protein kinase; extracellular signal-regulated kinase; cytosolic phospholipase A2; platelet-derived growth factor MESANGIAL CELLS SYNTHESIZE vasodilatory prostaglandins (PGs) such as PGE 2 , which act as relaxing factors and regulate glomerular hemodynamics under physiological conditions. However, an increase in renal PGE 2 production, which is observed in renal diseases such as glomerulonephritis and diabetic glomerulopathy, induces a functional disorder of the mesangium including abnormal glomerular filtration rate and is implicated in the pathogenesis of nephropathy (46, 52) .
ROS cause physiological responses other than pathological responses, including protein phosphorylation, Ca 2ϩ signaling, and the activation of transcription factors by stimulating intracellular signaling systems, thus suggesting that ROS function as second messengers in the signal transduction pathway stimulated by the proinflammatory cytokines interleukin-1␤ and tumor necrosis factor-␣ (21, 36, 38, 50) .
In glomerular disorders, ROS are generated by several inflammatory cells including neutrophils, monocytes, and macrophages gathered in the inflamed glomeruli, and also by the mesangial cell itself (7, 9, 10) . Previous studies revealed that the intracellular generation of ROS or exposure to H 2 O 2 (a major species of ROS) leads to an increase in PGE 2 production and arachidonic acid release in rat renal glomeruli and rat mesangial cells (2, 5, 48) . In other cell systems including vascular smooth muscle cells, H 2 O 2 potentiated arachidonic acid release and phospholipase A 2 (PLA 2 ) activation (11, 51) . Therefore, ROS are involved in the mechanism underlying an increase in PGE 2 production leading to glomerular dysfunction and renal injury.
Platelet-derived growth factor (PDGF) has been shown to induce the migration and proliferation of mesangial cells and therefore is considered to participate in the development and progression of glomerular diseases (1, 15, 26, 31) . PDGF receptor-stimulated migration and proliferation are reported to require ROS production in vascular smooth muscle cells (49) . In mesangial cells, it has been reported that ROS induce tyrosine phosphorylation of the PDGF receptor (24) , and further, that PDGF-induced proliferation of the cells is enhanced by H 2 O 2 via a mechanism involving the generation of PGs (20) . Because PDGF is also generated by macrophages or glomerular cells in renal injury, it is possible that ROS and PGDF synergistically contribute to the initiation and progression of glomerular diseases.
In this context, evidence indicating that PDGF as well as H 2 O 2 induce the activation of mitogen-activated protein (MAP) kinase, now defined as extracellular signal-regulated kinase (ERK), in mesangial cells (29, 30, 53) led us to suggest that the synergistic increase in PGE 2 production is implicated in the pathogenesis of glomerular dysfunction, because ERK is known to increase cytosolic PLA 2 (cPLA 2 ) activity (35, 39) . Previously, we showed (27) that cPLA 2 activation and an increase in PGE 2 generation are associated with increased MAP kinase activity in rat mesangial cells exposed to high-glucose medium. Thus in the present study, we investigated the synergistic effect of H 2 O 2 and PGDF on the activation of MAP kinases, including ERK and p38 MAP kinase, which lead to cPLA 2 activation in rat mesangial cells.
MATERIALS AND METHODS

Materials.
Recombinant human PDGF-BB was obtained from Pepro Tech (London, UK). Methyl arachidonyl fluorophosphonate (MAFP) was from Cayman Chemical (Ann Arbor, MI). PD-98059, SB-202190, and anisomycin were from Calbiochem (La Jolla, CA). Antibodies against phosphorylated ERK1/2 or phosphorylated p38 MAP kinase were from New England Biolabs (Beverly, MA). Antibodies against cPLA 2 and phosphoserine were from Santa Cruz Biotechnology (Santa Cruz, CA) and nanoTools Antikörpertechnik (Germany), respectively. [
3 H]arachidonic acid (100 Ci/mmol) was from PerkinElmer Life Sciences (Boston, MA). Other reagents were obtained from Wako Pure Chemical Industries (Osaka, Japan) or Sigma (St. Louis, MO).
Cell culture and preparation of [ 3 H]arachidonic acid-labeled cells. Rat mesangial cells were prepared as described previously (27) . Briefly, mesangial cells were obtained from a culture of glomeruli isolated by sieving from Sprague-Dawley rats (body wt 100-150 g) and grown in RPMI 1640 supplemented with 20% heat-inactivated fetal bovine serum, 100 U/ml penicillin, 100 g/ml streptomycin, 5 g/ml insulin, 5 g/ml transferrin, and 5 ng/ml selenious acid. The cells, between passages 3 to 6, were made quiescent by incubation with RPMI 1640 containing 0.1 mg/ml BSA for 24 h and were subjected to experiments. For labeling with [ 3 H]arachidonic acid, cells were incubated with the radioactive compound (0.5 Ci/ml) for 24 h in RPMI 1640 containing 0.4 mg/ml BSA. The labeled cells were washed with phosphate-buffered saline containing 0.1 mg/ml BSA and placed in RPMI 1640 containing 0.1 mg/ml BSA.
Arachidonic acid release. The labeled mesangial cells (in 35-mm dishes) were treated with various reagents and stimulated with 0.5 mM H 2O2 and/or 50 ng/ml PDGF-BB for 60 min as described in the figure legends. The reaction was terminated by transferring the medium and the cell lysate, which was prepared by adding 0.1 N NaOH, into a 100:500: 1.5 (vol/vol) ratio of ice-cold chloroform to methanol to HCl. Lipids in the medium and the lysate were extracted and separated by thin-layer chromatography on a silica gel G plate using an 80:80:2 (vol/vol) ratio of diethyl ether to petroleum ether to acetic acid as the developing system. The areas corresponding to free fatty acid and other lipids (diacylglycerol, triacylglycerol, and phospholipids) were scraped off. The radioactivity of each fraction was determined by liquid scintillation counting. The total radioactivity of the fractions recovered from a single lane of the plate was usually in the range of 3.8 ϫ 10 5 to 4.3 ϫ 10 5 disintegrations/min (dpm). The radioactivity of [ 3 H]arachidonic acid released was corrected by adjusting the total radioactivity to 4.0 ϫ 10 5 dpm. Immunoblot analysis. The quiescent mesangial cells (in 35-mm dishes) were stimulated with 1 mM H 2O2 and/or 100 ng/ml PDGF-BB for 10 min as described in the figure legends. After being washed, the cells were solubilized with a buffer (that contained 2% SDS, 20 mM ␤-glycerophosphate, 2 mM Na 3VO4, 3 mM EGTA, 2% ␤-mercaptoethanol, 10% glycerol, 0.01% bromophenol blue, and 50 mM Tris ⅐ HCl at pH 6.8) and were subjected to SDS-PAGE on a 10% gel. The separated proteins were transferred to a nitrocellulose membrane, and antibodies against phosphorylated ERK1/2 or phosphorylated p38 MAP kinase were applied. The bound antibodies were visualized using peroxidase-conjugated secondary antibodies and enhanced chemiluminescence Western blotting detection reagents (Amersham Pharmacia Biotech).
Immunoprecipitation of cPLA 2. The quiescent mesangial cells (in 35-mm dishes) were treated with various reagents and stimulated with 1 mM H 2O2 and/or 100 ng/ml PDGF-BB for 15 min as described in the figure legends. After being washed, cells were lysed in an ice-cold lysis buffer [that contained 1% Triton X-100, 150 mM NaCl, 5 mM EGTA, 50 mM NaF, 1 mM Na 3VO4, 10 g/ml leupeptin, 1 mM p-(amidinophenyl)methanesulfonyl fluoride, and 20 mM Tris ⅐ HCl at pH 7.4] and were subjected to immunoprecipitation of cPLA 2 as described previously (28) . Briefly, the lysate was incubated with anti-cPLA2 antibodies overnight at 4°C and further with protein A-agarose for 2 h at 4°C. After centrifugation, the pellet obtained was washed three times with the lysis buffer and was solubilized. The sample was subjected to SDS-PAGE on a 10% gel. The separated proteins were transferred to a nitrocellulose membrane and antibodies against phosphoserine or cPLA 2 were applied. The bound antibodies were visualized as described above.
RESULTS
Arachidonic acid release and cPLA 2 activation. Because rat mesangial cells have been shown to respond to only the PDGF isoform that is a BB homodimer (40), we used PDGF-BB in the present study. When mesangial cells were exposed to H 2 O 2 , the release of arachidonic acid increased dose dependently, and the H 2 O 2 -induced release was enhanced further by PDGF-BB with the increasing concentration, although PDGF-BB by itself had little effect on the release as is shown in Fig. 1 .
It has been well characterized that receptor-stimulated activation of cPLA 2 is associated with the immediate release of arachidonic acid and that the catalytic activity of cPLA 2 is increased by phosphorylation at Ser 505 of the enzyme via ERK (35, 39, 47) . Therefore, we investigated the phosphorylation of cPLA 2 using an antiphosphoserine antibody and the contribution of cPLA 2 to the arachidonic acid release using the cPLA 2 inhibitor MAFP upon stimulation with PDGF and H 2 O 2 . The results shown in Fig. 2 demonstrate that PDGF-BB and H 2 O 2 alone induced an increase in phosphorylated cPLA 2 . When combined, they produced a synergistic increase in the phosphorylation, whereas the protein content of cPLA 2 remained unchanged under the conditions. Furthermore, as shown in Fig. 3 , the release of arachidonic acid stimulated by H 2 O 2 alone or in combination with PDGF-BB was almost completely inhibited by MAFP.
ERK activation and its effect on arachidonic acid release. The role of ERK1/2 as an upstream regulator for cPLA 2 in arachidonic acid release after stimulation with PDGF-BB and H 2 O 2 was investigated. The results in Fig. 4 indicate that PDGF-BB and H 2 O 2 alone induced an apparent increase in the phosphorylation of ERK1/2 as detected with an antiphospho-ERK antibody but in combination did not evoke a further increase. Moreover, the synergistic increase in arachidonic acid release elicited by PDGF-BB together with H 2 O 2 was suppressed by ϳ30% by PD-98059, a specific inhibitor of upstream kinase, MAP kinase kinase, or ERK kinase (MEK), although PD-98059 dose-dependently inhibited the release induced by H 2 O 2 alone (as shown in Fig. 5 ). These results suggest that under the conditions used, ERK1/2 partially contributed to cPLA 2 activation, which led to arachidonic acid release.
p38 MAP kinase activation and its effect on arachidonic acid release. p38 MAP kinase, which plays a role in the stress-stimulated signal transduction pathway, has been reported to serve as an activator for cPLA 2 via its phosphorylation in thrombin-or collagen-stimulated platelets (9, 32) . Therefore, we examined the contribution of p38 MAP kinase to cPLA 2 activation and to arachidonic acid release under the experimental conditions used here. As shown in Fig. 6 , p38 MAP kinase was apparently phosphorylated by PDGF-BB and to a lesser extent by H 2 O 2 , and the phosphorylation of the kinase was synergistically increased by PDGF and H 2 O 2 as detected using antiphospho-p38 MAP kinase. To examine whether the increase in phosphorylated p38 MAP kinase is implicated in the en- hancement of arachidonic acid release, we used anisomycin, which is known to activate MAP kinases responsible for stress stimuli such as p38 MAP kinase but not ERK (12, 23, 37) . As shown by the results in Fig. 7A , anisomycin alone did not induce any release of arachidonic acid, but it potentiated the H 2 O 2 -stimulated release in a dose-dependent fashion. Under these conditions, phosphorylation of p38 MAP kinase was elicited by anisomycin and H 2 O 2 alone and was further increased by the two in combination (Fig. 7B) .
Effect of MAP kinase inhibitors on cPLA 2 phosphorylation and arachidonic acid release. The results shown in Fig. 7 suggest that activation of p38 MAP kinase is involved in the enhancement of H 2 O 2 -induced arachidonic acid release. Therefore, we tried to confirm the contribution of p38 MAP kinase to the synergistically increased release of arachidonic acid stimulated by the combination of PDGF and H 2 O 2 using the specific p38 MAP kinase inhibitor SB-202190. As shown in Fig. 8A , SB-202190 inhibited the release by 50%. However, SB-202190 together with the ERK inhibitor PD-98059, which by itself suppresses the release by only 30%, almost completely inhibited the release. These effects of the inhibitors paralleled their inhibitory effects on the phosphorylation of cPLA 2 : the increased phosphorylation of cPLA 2 elicited by the combination of PDGF-BB and H 2 O 2 was suppressed partially by either SB-202190 or PD-98059 alone and completely by two inhibitors combined (as seen in Fig.  8 , B and C).
DISCUSSION
Previously it was reported that H 2 O 2 induces an increase in arachidonic acid release that is suppressed by mepacrine in rat mesangial cells (5) , which suggests the involvement of PLA 2 in the mechanism although the molecular species of the PLA 2 is unknown. It is recognized that cPLA 2 is responsible for the immediate arachidonic acid release and PGE 2 production upon stimulation. In fact, H 2 O 2 is known to activate cPLA 2 to release arachidonic acid in other cell systems including vascular smooth muscle cells, striatal neurons, and fibroblasts (13, 42, 44) . In the present study, we showed that the increase in arachidonic acid release stimulated by H 2 O 2 and the synergistic effect of H 2 O 2 and PDGF (see Fig. 1A ) were completely inhibited by MAFP, a cPLA 2 inhibitor (see Figs. 1 and 3) . Concomitantly, the phosphorylation of cPLA 2 was accelerated on stimulation with H 2 O 2 and synergistically increased by H 2 O 2 and PDGF (see Fig. 2 ). These results suggest that the activation of cPLA 2 fully contributes to the synergistic release of arachidonic acid on stimulation with the combination of H 2 O 2 and PGDF as well as the release evoked with H 2 O 2 by itself. Our results indicate that PDGF-BB alone induces sufficient phosphorylation of cPLA 2 (see Fig. 2 ) but it exerts little effect on arachidonic acid release (see Figs. 1 and 3) . It has been reported for mesangial cells that PDGF-BB at the concentration used here induces an increase in intracellular Ca 2ϩ concentration to 0.2 M or less (8), whereas H 2 O 2 has this effect to ϳ1.0 M (35). In addition, it was reported that 0.3-1.0 M of intracellular Ca 2ϩ concentration is required for the translocation of cPLA 2 from the cytosol to the membrane to hydrolyze membrane phospholipids (14, 16) . Therefore, we suggest that PDGF-BB has little effect on arachidonic acid release, probably due to insufficient increase in the intracellular Ca 2ϩ concentration. Rat mesangial cells are reported to possess Ca 2ϩ -independent PLA 2 (iPLA 2 ) and secretory PLA 2 (such as group IIA PLA 2 ) in addition to cPLA 2 , all of which are activated upon stimulation with inflammatory cytokines or H 2 O 2 . We demonstrated recently an activation of iPLA 2 in mesangial cells after stimulation with interleukin-1␤ (4). It is documented that in mesangial cells, interleukin-1␤-induced PGE 2 generation is dependent on the expression of group II PLA 2 (45) , and that interleukin-1␤ and tumor necrosis factor-␣ also stimulate the expression of group IIA PLA 2 via ROS generation (19) . Furthermore, in uterine stromal cells, the contribution of iPLA 2 to H 2 O 2 -induced arachidonic acid release was shown (7). These findings suggest the involvement of iPLA 2 or secretory PLA 2 in the arachidonic acid release observed in the present study. However, bromoenol lactone, a specific inhibitor of iPLA 2 , did not have any effect on the release (data not shown). Manoalide, an inhibitor of secretory PLA 2 , had no effect on the release, and also the activity of the PLA 2 was not detected in the supernatant of mesangial cells stimulated with PDGF-BB and H 2 O 2 for 60 min (data not shown). Therefore, we suggest that H 2 O 2 and PDGF stimulate mesangial cells to activate cPLA 2 and to release arachidonic acid. cPLA 2 activity is known to be upregulated by phosphorylation via ERK (35, 39) . It was reported in mesangial cells that H 2 O 2 phosphorylates and activates ERK and that PDGF induces the same events (29, 30, 53) . We confirmed in the present study that PDGF and H 2 O 2 each stimulated the phosphorylation of ERK1/2 (see Fig. 4 ). However, in combination, PDGF and H 2 O 2 did not elicit a synergistic effect on the phosphorylation. Similarly, the synergistic release of arachidonic acid induced by this combination was inhibited partially by PD-98059 (an MEK inhibitor), whereas the release by H 2 O 2 was completely inhibited by PD-98059 (see Fig. 5 ). Therefore, we suggest that another mechanism contributes to the synergistic activation of cPLA 2 caused by the combination of PDGF and H 2 O 2 .
p38 MAP kinase has been shown to be activated by cytokines, endotoxic lipopolysaccharide, and stress caused by osmotic shock, heat shock, UV irradiation, and chemical agents (18, 22, 33, 43) . Interestingly, it has been reported that, in human platelets, p38 MAP kinase could phosphorylate and activate cPLA 2 after stimulation with thrombin and collagen (9, 32) . Furthermore, stress-inducing stimuli such as H 2 O 2 increased the phosphorylation and activation of cPLA 2 and enhanced Ca 2ϩ ionophore-induced arachidonic acid release, both of which were prevented by p38 MAP kinase inhibitor but not by ERK inhibitor in human platelets (10) . Oxidative stress is also known to induce the activation of p38 MAP kinase in other cell systems (3, 6, 17, 41) . These observations led us to suggest the participation of p38 MAP kinase in the synergistic increase in phosphorylation of cPLA 2 and in the re- lease of arachidonic acid induced by the combination of PDGF and H 2 O 2 . Our results showed that PDGF and H 2 O 2 each stimulated the phosphorylation of p38 MAP kinase and in combination had a synergistic effect (see Fig. 6 ). Anisomycin, which activates MAP kinases responsive to stress stimuli such as p38 MAP kinase but not ERK (12, 23, 37) , potentiated the H 2 O 2 -induced release of arachidonic acid and phosphorylation of p38 MAP kinase (see Fig. 7 ). Furthermore, whereas the ERK inhibitor PD-98059 and p38 MAP kinase inhibitor SB-202190 alone only partially inhibited the arachidonic acid release evoked by stimulation with PDGF and H 2 O 2 , combination of the two completely inhibited the release (see Fig. 8A ). The synergistic increase in the phosphorylation of cPLA 2 induced by PDGF and H 2 O 2 was also attenuated by the combination of those inhibitors (Fig. 8, B and C) . These observations suggest that both ERK and p38 MAP kinase are implicated in the increase in cPLA 2 phosphorylation and arachidonic acid release after stimulation with PDGF together with H 2 O 2 . Recently, similar inhibitory effects of ERK and p38 MAP kinase inhibitors administered in combination on zymosan-stimulated cPLA 2 phosphorylation and arachidonic acid release were reported in macrophages (23) .
The mechanism by which PDGF and H 2 O 2 synergistically stimulated phosphorylation of cPLA 2 and release of arachidonic acid was not elucidated in the present study. It has been reported, however, that the PDGF receptor-operated signaling pathway, leading to ERK1/2 activation, DNA synthesis, and chemotaxis, is dependent on the generation of H 2 O 2 in vascular smooth muscle cells (49) . Furthermore, H 2 O 2 has been shown to stimulate tyrosine phosphorylation of the PDGF receptor to induce a mitogenic response and an increase in the number of mesangial cells (24) . Likewise, H 2 O 2 -induced tyrosine phosphorylation of PDGF receptors was reported recently for oligodendrocytes (6) . Therefore, we suggest that one possible mechanism by which PDGF and H 2 O 2 elicited synergistic effects on arachidonic acid release and phosphorylation of cPLA 2 and p38 MAP kinase involves enhanced activation of the PDGF receptor.
In conclusion, we observed that PDGF and H 2 O 2 induce a synergistic enhancement of cPLA 2 activation to release arachidonic acid via a cooperative activation of ERK1/2 and p38 MAP kinase. Our results suggest that PDGF and oxygen radicals, which are generated in inflamed glomeruli or mesangial cells, cooperatively induce an increase in the production of PGE 2 that is implicated in the pathogenesis of glomerular dysfunction, thus contributing to the initiation and progression of renal injury.
